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Abstract
Munc18, an essential regulatory protein for intra-
cellular membrane fusion mediated by SNAREs, is
known for stabilizing the closed conformation of syn-
taxin through the interaction with the N-terminal Habc
domain (amino acids 28-146) of syntaxin. In addition,
Munc18 accelerates membrane fusion and its interac-
tion with SNARE core and the N-peptide (amino acids
1-24) of syntaxin is thought to be necessary for this
function. Using the recently developed fluorescence
resonance energy transfer assay to detect the fusion
between two individual vesicles harboring cognate
SNARE proteins, we studied the effect of Munc18 on
the fusion induced by neuronal SNARE proteins by
following the mixing oflipid moleculesbetween thetwo
vesicles. We found that Munc18-1 stimulates neuronal
SNARE-mediated fusion not only with full-length syn-
taxin 1A but also with a truncated syntaxin 1A that is
missing both the Habc domain and the N-peptide. The
electron paramagnetic resonance analysis indicates that
the SNARE core/Munc18 interaction is responsible for
thisstimulatoryfunctionandthemembraneplaysarole
for establishing this interaction.
M
embrane fusion is a ubiquitous process in-
volvedinawidevarietyofcellularactivities,
such as exocytosis, viral infection, vesicle
trafficking,andeggfertilization.Aproteinfamilycalled
SNARE (soluble N-ethyl maleimide sensitive-factor at-
tachment protein receptors), consisting of three compo-
nents, plays a critical role in mediating fusion processes
of eukaryote cells (1, 2). According to their distribution
in the cell, they are classified into v-SNARE, which
includessynaptobrevin(VAMP),andt-SNAREs,which
are composed of SNAP-25 and syntaxin for neuronal
proteins. Sec1/Munc18 (SM) proteins are a family of
cytoplasmic proteins with a conserved arch-shaped
structure and play an essential role in intracellular
membrane fusion. Along with SNARE proteins, which
primarily mediate fusion of cellular transport vesicles
with the target membrane, the SM proteins are thought
to be central components of the exocytotic apparatus,
which are required for membrane fusion (3-6). A gene
knockout study has indicated that the SM proteins are
crucial for synaptic membrane fusion, which is required
for neurotransmitter release (7).
Munc18 interacts with SNARE proteins at least in
two different modes, namely, binding to Habc domain
(amino acids 28-146) of syntanxin and binding to the
SNARE core complex (8, 9). In the first mode, Munc18
interactswithmonomericsyntaxinthroughtheN-term-
inalhelical segmentofsyntaxin calledthe Habcdomain
to form a Munc18/syxntaxin binary complex (3-6).
ThisHabcbindingmodestabilizestheclosedconforma-
tion of syntaxin during its transportation to the plasma
membrane in vivo. Without this stabilization effect, the
syntaxin level in sensory neurons was reduced by 70% in
Munc18knockoutmice(10).Inthesecondmode,Munc18
also binds to the SNARE core, a four helical bundle
formed by syntaxin, VAMP, and SNAP25 (8, 11, 12).
Ensembleproteoliposomefusionexperimentsshowed
thatMunc18bindspreassembledSNAREcomplexes,
and effectively promotes SNARE-mediated fusion
with full-length syntaxin (11). An interaction called
N-peptide binding between Munc18 and N-terminal
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peptides (amino acids 1-24) of syntaxin besides this
SNARE core/Munc18 interaction is believed to be
critical for this fusion promotion effect (8, 11). How-
ever, howMunc18activates fusion remains unclear in
partduetotheinabilityoftheensembleinvitrofusion
assay to dissect different steps of the fusion reaction.
For an unambiguous dissection of the protein-
mediated membrane fusion mechanism, in vitro char-
acterizations of reconstituted fusion machinery and
regulators are required. Traditionally, in vitro studies
rely on ensemble lipid mixing of proteoliposomes
reconstituted with SNARE proteins, which cannot dis-
tinguish different stages of fusion such as docking,
hemifusion and full fusion (13). Recently, new techni-
ques have been developed for observing membrane
fusion processes at the single-vesicle level (13-17).
The single-vesicle fusion assay we developed could
distinguish between different stages of docking, hemi-
fusion, and full fusion via fluorescence resonance
energytransfer(FRET)betweenthedonorandacceptor
fluorophores incorporated into the separate proteo-
liposomesreconstitutedwitht-andv-SNAREproteins,
respectively. In addition, the single-vesicle fusion assay
also allows us to describe the kinetics of transitions
between different stages of fusion and postfusion path-
ways such as the kiss-and-run event (13)andtodiscover
thedualfunctionsoffusionregulatorproteincomplexin
I that inhibits SNARE complex formation anddocking
butenhancesthefusionofdockedvesiclestogetherwith
calcium ions (18).
Figure 1a illustrates our single-vesicle lipid-mixing
assay. The v-SNARE vesicles carrying vesicle-associated
membrane protein (VAMP) and the acceptor fluoro-
phores were immobilized on a polymer-coated quartz
surface via biotinylated lipids. The t-SNARE vesicles
containing syntaxin and SNAP-25 and doped with the
donor fluorophores were added together with Munc18,
and the sample was incubated at 37  C. After a 12-min
Figure 1. Single-vesicle FRET assay for Munc18-1 in neuronal SNARE-mediated fusion. (a), Schematics of the single-vesicle assay. (left)
Acceptor-labeled v-SNARE vesicles are immobilized on a bottom quartz surface of a flow chamber. Donor-labeled t-SNARE vesicles, mixed
with preset amount of Munc18-1, are introduced to the chamber space using a flow system. (right) Some t-SNARE vesicles dock to single
v-SNARE vesicles through formation of trans-SNARE complexes, and Munc18-1 binds to the trans-SNARE complexes. Membrane fusion
between t- and v-SNARE vesicles and resultant lipid mixing will cause an increase in the FRET efficiency. (b, c) FRET efficiency, E,
distributions ofsingle-vesicle complexes for variousconcentrations ofMunc18-1 (0, 0.2, and1μM)in neuronal SNARE-mediated fusion with
(b) syntaxin-full and (c) syntaxin-HT. Docking (or early fusion steps) shows low E values that are smaller than 0.25, and the full fusion state
gives E ≈ 0.8 (13, 18). To make the comparison clearer, we normalized histograms by the total number of liposomes per experiment, which is
more than one thousand for all experiments (13, 18).r2010 American Chemical Society 170 DOI: 10.1021/cn900034p|ACS Chem. Neurosci. (2010), 1, 168–174
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incubation, the sample was transferred to a dual-color
total internal reflection (TIR) fluorescence microscope
(19), and FRET measurements of individual vesicles at
37  C were performed 20 min after the reaction began.
Passivation of quartz slides via coating with poly-
(ethylene glycol) (20) was essential in minimizing non-
specific binding of the vesicles to the surface and in
keeping the proteins functional (Figure 2) (13). The
multiple intermediate states of fusion are classified
according to their different FRET efficiency values as
characterized previously (13). A finite but low-efficiency
distribution e0.25 suggests close contact or docking
between the donor and the acceptor vesicles without a
high degree of lipid mixing. The final efficiency distribu-
tion around 0.35 indicates a hemifusion state. FRET
efficiency distribution g0.5 is assigned as full fusion
where both inner and outer leaflets have been mixed
(13). The lipid composition of vesicles used in this study,
15 mol % PS (phospho-L-serine), 45 mol % PC
(phosphocholine), and 40 mol % cholesterol, and the
200:1 lipid/protein ratio were chosen to emulate the
composition of the native synaptic vesicles (18, 21).
Theresultingsingle-vesicleFRETefficiencyhistograms
of the reaction product showed that Munc18-1 promotes
full fusion represented at the FRET efficiency g0.5 in a
concentration-dependent manner whether the full-length
syntaxin 1A (syntaxin-full, amino acids 1-288) or the
truncated syntaxin 1A lacking the N-peptide and Habc
domain (syntaxin-HT (Habc-truncated), amino acids
168-288) was used (Figure 1b,c). After 20 min reaction,
we observed more than 50% full fusion populations
(Figure 3), which is much faster than the previous report
of several hours (11). The fusion promotion activity of
Munc18-1 is dependent on SNAP-25 for both syntaxin-
full and syntaxin-HT cases because omitting SNAP-25
led to a significant reduction in full fusion population
Figure 2. Laser-excited (532 nm) images of single-vesicle fusion
experiments with Munc18-1. Acceptor-labeled v-vesicles are
directly tethered to the surface via biotin-neutravidin linker and
the donor-labeled t-vesicles are added. Because the laser excites
the acceptor only very weakly, bright fluorescent spots are seen
only when the t-vesicles are present: (a) t-vesicles containing
syntaxin-full and SNAP-25, (b) t-vesicles containing syntaxin-
HT and SNAP-25, and (c) protein-free t-vesicles. Green and red
rectangles denote the donor and acceptor emission detection
channels, respectively. Panels a and b show docked t-SNARE
vesicles in the donor channel and bright v-SNARE vesicles
through FRET in the acceptor channel. Strong FRET signal
demonstrates that binding of t-SNARE vesicles to the surface
isspecially achievedviainteractionwiththesurface-immobilized
v-SNARE vesicles. Panel c only shows dim v-SNARE vesicles
in the acceptor channel without docking of t-vesicles, demon-
stratingthatthenonspecificadhesionofthet-SNAREvesiclesto
the surface is minimal. In all experiments, 1 μMM u n c 1 8 - 1w a s
used.
Figure 3. Fraction of vesicle complexes showing full fusion for various reaction conditions. One micromolar Munc18-1 was used. (a) Results
obtained with the full-length syntaxin. (b) Results obtained with a syntanxin-HT. Controls without SNAP-25 led to a significant reduction in
fullfusion,likelyduetotheformationofincompleteSNAREcomplexes,whichcannotmediateefficientfusion(18).Thefullfusionpopulation
is calculated by summing all normalized populations with E values >0.5 (13, 18). Error bars denote the SD of three to five independent
experiments with different batches of SNARE and Munc18 proteins.r2010 American Chemical Society 171 DOI: 10.1021/cn900034p|ACS Chem. Neurosci. (2010), 1, 168–174
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(Figure 3a,b). Because SNAP-25 is required for the for-
mation of the complete SNARE complex, it is likely that
the interaction between Munc18-1 and the SNARE core
complex promotes fusion. Furthermore, this fusion pro-
motion activity of Munc18-1 does not seem to require
additional interactions with the N-peptide of syntaxin 1A.
Spin labeling electron paramagnetic resonance (EPR)
has proven effective in detecting the intermolecular inter-
action such the one between syntaxin 1A and Munc18-1.
The seven native cysteines in wild-type Munc18 hamper
the site-specific attachment of the nitroxide spin labels.
However, we could at least nonselectively spin-label
native cysteines to primitively probe the putative inter-
molecular interaction. For this purpose, wild-type
Munc18-1 was labeled with the methanethiosulfonate
spin label. The EPR spectra for spin labeled Munc18-1
in solution, with syntaxin 1A (full-length and HT), and
with the SNARE complex in membrane were measured
at room temperature (Figure 4). The broadened line
shape of the EPR spectrum indicates that the Munc18-1
binds to full-length syntaxin directly (Figure 4b, left
panel). The EPR spectrum did not show any change
when incubated with syntaxin-HT only (Figure 4c, left
panel). These data are consistent with the previous
conclusion that the Habc domain of syntaxin plays an
important role in the interaction between monomeric
syntaxin and Munc18 in solution.
We found a different result when the EPR spectrum
from Munc18 was measured with the SNARE complex
in the context of membrane. After full-length syntaxin
or syntaxin-HT was reconstituted into membrane and
formed a ternary complex with SNAP-25 and soluble
VAMP 2 (amino acids 1-89), spin-labeled Munc18-1
wasaddedtothecomplex.TheEPRspectraofMunc18-1
were broadened for SNARE complexes containing
both full-length syntaxin and syntaxin-HT, indicating
that the N-peptide of syntaxin 1A is not necessary for
Munc18-1 interaction with the membrane-associated
SNAREcomplexes(Figure4b,c, rightpanels).Interest-
ingly, Rothman’s group (11) also found that Munc18-1
still binds to the membrane-associated SNARE com-
plex even with the Habc domain removed (syntaxin-
HT)ortheN-peptidemutated(L8A).Overall,ourwork
shows that Munc18-1 could bind to the SNARE core
complex reconstituted into the lipid membrane even
in the absence of the N-peptide interaction, and this
SNARE core/Munc18 binding mode is likely to be
responsibleforfusionaccelerationbyMunc18-1.Mean-
while, the EPR analysis showed that there is no direct
interaction between the membrane and Munc18-1
(Figure 4a, right panel), which rules out the possibility
that the spectral broadeningobservedinthepresenceof
SNARE complex (Figure 4c, right panel) was caused
by lipid molecules. We note here that we not only
have the EPR line broadening (Figure 4, indicated by
arrows) due to the quaternary interaction between
Munc18 and SNAREs, but we also see some extra line
broadening (Figure 4, indicated by circles) due to the
spin-spin interaction. The spin-spin interaction is
mostlikelyduetotheclusteringofspin-labeledMunc18,
perhaps reflecting the binding of several Munc18
molecules to the oligomeric supramolecular SNARE
complex (22).
It has been debated whether the main function of
Munc18 isfor vesicledocking onthe plasma membrane
or whether it also assists membrane fusion (5, 23). The
role in vesicle docking is supported by impaired dense-
core granule docking in adrenal chromaffin cells of
Munc18-1 knockout mice (24). Other observations,
however, suggest that SM proteins function also at a
late, postdocking stage of membrane fusion (11, 25).
Our data on single-vesicle lipid mixing and EPR
spectroscopy highlight the importance of Munc18
binding to the SNARE core complex in stimulating
membrane fusion. For both roles, the syntaxin
N-terminal domain containing N-peptide and Habc
domain is regarded as an essential component for
Figure 4. Electron paramagnetic resonance (EPR) spectra of
Munc18-1. (a) Munc18-1 only (left panel) and Munc18-1with
protein-free membrane in the fusion buffer (right panel). The same
EPR sharp spectra indicate that there is no measurable interaction
betweenMunc18-1andmembrane.(b)Munc18-1withsyntaxin-full
protein (left panel) and Munc18-1with membrane-associated
SNARE complex containing syxtaxin-full (right panel). Both EPR
spectra are broadened in comparison to the spectrum of Munc18-1
only (a, left panel) indicating interactions. (c) Munc18-1 with
syntaxin-HT protein (left panel) and Munc18-1 with membrane-
associated SNARE complex containing syntaxin-HT (right panel).
The sharp EPR spectrum on the left indicates that there is no
interaction between Munc18-1 and syntaxin-HT, while the broa-
dened EPR spectrum on the right suggests interactions. Arrows
indicate thequaternary interactionbetween Munc18andSNAREs,
and circles show the spin-spin interaction due to the clustering of
spin-labeled Munc18.r2010 American Chemical Society 172 DOI: 10.1021/cn900034p|ACS Chem. Neurosci. (2010), 1, 168–174
pubs.acs.org/acschemicalneuroscience Letter
Munc18’s dual interactions with syntaxin for vesicle
docking as well as with the SNARE complex for
fusion stimulation (3-6, 8, 11, 12).
Our EPR data support the requirement of syntaxin
N-terminal domain in the interaction between mono-
meric syntaxin and Munc18. However, the interaction
between SNARE complex and Munc18 to promote
fusion, in the context of membranes, is not dependent
upon the N-terminal domain of syntaxin. Recently,
Fasshauer’s group (26) found that the interaction bet-
ween Munc18 and the syntaxin N-terminal domain
blocks the SNARE complex formation. However, a
truncatedsyntaxin1A(aminoacids25-262)couldbind
to Munc18-1 with high affinity and a SDS-resistant
SNARE complex together with SNAP-25 and VAMP
could be formed. Based on our data and other groups’
findings (9, 26, 27), we propose that for the stimulation
of membrane fusion, Munc18-1 interacts with the
SNARE complex in a mode where the Habc-domain
is not required.
Inconclusion,Munc18-1promotesneuronalSNARE-
mediated fusion not only with the full-length syntaxin 1A
but also with Habc-truncated syntaxin 1A. The SNARE
complex/Munc18 interaction is mainly responsible for
this effect. Furthermore, Munc18-1 accelerates vesicle
fusion significantly more rapidly than previously ob-
served. With the advent of new single-molecule imaging
technologies, these protein-protein interactions critical
for fusion may also become observable.
Methods
Munc18-1 Protein Expression and Purification
C-terminal His6-tagged Munc18-1 plasmid is a kind gift
from Dr. James McNew at Rice University. The Munc18-1
proteinwasexpressedinEscherichiacoliRosetta(DE3)pLysS
(Novagene).Thecellsweregrownat37 CinLBmediumwith
30 μg/mL of kanamycin until the A600 reached 0.6-0.8.
Isopropyl-β-D-thiogalactopyranoside (IPTG) was added to
a finalconcentrationof 0.5 mM.The cells weregrownfurther
for three more hours at 37  C and then collected by centrifu-
gation at 6000 rpm for 10 min. The cell pellets were resus-
pended in lysis buffer (25 mM N-2-hydroxyethylpiperazine-
N0-2-ethanesulfonic acid (HEPES)/KOH, 100 mM KCl,
20 mM immidazole, 2 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF), and 2 mM dithiothreitol
(DTT), pH 7.4). After sonication on ice, the cell lysate was
centrifugedat15000gfor20minat4 C.Thesupernatantwas
mixedwithnickel-nitrilotriaceticacid-agarosebeads(Qiagen)
andnutatedforbinding at4  Cfor1h.Afterbinding,thebeads
were washed with washing buffer (25 mM HEPES/KOH,
100 mM KCl, 20 mM immidazole, pH 7.4). Then the protein
was eluted with elution buffer (25 mM HEPES/KOH, 100 mM
KCl, 150 mM immidazole, pH 7.4). Purified proteins were
dialyzed overnight against dialysis buffer (25 mM HEPES/
KOH, 200 mM KCl, 10% glycerol, and 1 mM DTT, pH 7.4).
Recombinant SNARE proteins from rat brain, syntaxin,
SNAP-25,andVAMP2,wereexpressedandpurifiedaccording
to a detailed protocol in ref 18.
Munc18-1 Protein Spin Labeling and Electron Para-
magnetic Resonance (EPR) Data Collection
The seven cysteines in the wild-type Munc18-1 were spin-
labeled for EPR spectrum detection. After the cell lysate was
incubatedwithbeadsandwashedwithHEPESbuffer(25mM
HEPES/KOH, 100 mM KCl, pH 7.4) three times, DTT was
added to a final concentration of 2 mM, and nutation was
continued at 4  C for another 30 min. The beads were then
washedeight times with anexcess volumeof washing buffer
toremoveDTT.Anapproximately20-foldexcessof(1-oxy-
2,2,5,5-tetramethylpyrrolinyl-3-methyl) methanethiosulfo-
nate spin label (MTSSL) was added into the column, and
nutation at room temperature was continued for 40 min.
The spin-labeled protein was eluted by elution buffer and
dialyzed overnight against dialysis buffer (25 mM HEPES/
KOH, 200 mM KCl, 10% glycerol, pH 7.4).
EPR spectra were obtained using a Bruker ESP 300
spectrometer (Bruker) equipped with a low-noise micro-
wave amplifier (Miteq) and a loop-gap resonator (Medical
Advances). The modulation amplitude was set to be no
greaterthanone-fourthofthelinewidth.Spectraldatawere
collected at room temperaturein first-derivative modewith
1 mM microwave power.
Protein Reconstitution
Unilamellar vesicles containing 45:15:40 (mol/mol/mol)
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/
1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS)/choles-
terol(AvantiPolarLipids)and2mol%DiI(1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate, Molecu-
lar Probes/Invitrogen, Carlsbad, California) were formed by
the extrusion method (Mini-Extruder, Avanti Polar Lipids).
The t-SNARE protein complexes, 1:1 (mol/mol) syntaxin/
SNAP-25, were then reconstituted in the unilamellar vesicles
through dialysis. The v-SNARE protein (VAMP 2) was
reconstituted in a different population of unilamellar vesicles
thatweredopedwith2mol%DiD(1,10-dioctadecyl-3,3,30,30-
tetramethylindodicarbocyanine perchlorate, Molecular Probes)
and 0.1 mol % biotinylated lipids, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(biotinyl) (Avanti Polar Lipids). In
both t- and v-SNARE vesicles, the lipid to protein ratio was
kept at 200:1.
Single-Vesicle Lipid-Mixing Assay
Details of the single-vesicle lipid-mixing FRET assay were
previously reported (13). A quartz slide is first processed with
poly(ethylene glycol) (PEG) molecules in the ratio of 99:1
(mol/mol) PEG/biotin-PEG (Laysan Bio) to eliminate non-
specific binding of vesicles. The slide is then assembled into a
flow chamber and coated with neutravidin in the concentra-
tion of 0.2 mg/mL. Through the specific interaction between
biotin and neutravidin, the v-SNARE vesicles are immobi-
lized on the PEG-coated surface by an incubation at vesicle
concentration of 160 pM for 15 min. After washing the free
v-SNARE vesicles in the chamber, the t-SNARE vesicles are
diluted to a final vesicle concentration of 200 pM with preset
amounts of Munc18-1 and injected into the flow chamber for
the reaction at 37 ( 2  C in the buffer (25 mM HEPES and
100 mM KCl, pH 7.4) for 12 min. After washing, the freer2010 American Chemical Society 173 DOI: 10.1021/cn900034p|ACS Chem. Neurosci. (2010), 1, 168–174
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t-SNARE vesicles and Munc18-1 proteins, the FRET mea-
surements by a dual-color total internal reflection (TIR)
fluorescence microscope (19) are performed at 20 min from
injection of t-SNARE vesicles with the surrounding tempera-
tureof37(2 C.Fusioneventsweremonitoredinawide-field
TIR fluorescence microscope (IX70, Olympus) using an
electron multiplying charge-coupled device camera (iXon
DV 887-BI, Andor Technology). Single fusion events were
visually identified by an IDL program (Research Systems). A
program written in Matlab (Mathworks) generated the time
trajectories of the donor and the acceptor fluorescence in-
tensitiesandcalculatedthecorrespondingFRETefficiencyby
using the equation, IA/(ID þ IA), where ID and IA are the
donor and the acceptor fluorescence intensities, respectively.
The average donor and acceptor fluorescence intensities
measured before docking were considered as the background
fluorescence for each fusion event and subtracted uniformly
from the fluorescence signals. The leakage of donor fluores-
cenceintotheacceptorchannel(∼17.5%ofthetotalintensity)
was then taken into account.
Author Information
Corresponding Author
*E-mail addresses: colishin@iastate.edu; tjha@illinois.edu.
Author Contributions
)
These authors contributed equally to this work.
Funding Sources
This work was supported by National Institutes of Health
Grants (R01 GM067629 to Y.-K.S. and R21 GM074526 to
T.H.). T.H. is an investigator with the Howard Hughes
Medical Institute.
Acknowledgment
We thank Chirlmin Joo for help with preparing illustrations
and Salman Syed for timely provision of logistics that made
this work possible.
References
1. White, J. M. (1992) Membrane fusion. Science 258, 917–
924.
2. Jahn, R., Lang, T., and Sudhof, T. C. (2003) Membrane
fusion. Cell 112, 519–533.
3. Jahn, R. (2000) Sec1/Munc18 proteins. Neuron 27, 201–
204.
4. Rizo, J., and Sudhof, T. C. (2002) SNAREs and Munc18
in synaptic vesicle fusion. Nat. Rev. Neurosci. 3, 641–653.
5. Toonen, R. F. G., and Verhage, M. (2003) Vesicle traf-
ficking: Pleasure and pain from SM genes. Trends Cell Biol.
13, 177–186.
6. Toonen, R. F. G., and Verhage, M. (2007) Munc18-1 in
secretion: Lonely Munc joins SNARE team and takes con-
trol. Trends Neurosci. 30, 564–672.
7. Verhage, M.; et al. (2000) Synaptic assembly of the brain
in the absence of neurotransmitter secretion. Science 287,
864–869.
8. Khvotchev, M., Dulubova, I., Sun, J., Dai, H., Rizo, J.,
and Sudhof, T. C. (2007) Dual modes of Munc18-1/SNARE
interactions are coupled by functionally critical binding to
syntaxin-1 N terminus. J. Neurosci. 27, 12147–12155.
9. De  ak,F.,Xu,Y.,Chang,W.P.,Dulubova,I.,Khvotchev,
M., Liu, X., S€ udhof, T. C., and Rizo, J. (2009) Munc18-1
binding to the neuronal SNARE complex controls synaptic
vesicle priming. J. Cell Biol. 184,7 5 1 –764.
10. Toonen, R. F. G., de Vries, K. J., Zalm, R., Sudhof,
T. C., and Verhage, M. (2005) Munc18-1 stabilizes syntaxin
1, but is not essential for syntaxin 1 targeting and SNARE
complex formation. J. Neurochem. 93, 1393–1400.
11. Shen,J.,Tareste,D.C.,Paumet,F.,Rothman,J.E.,and
Melia, T. J. (2007) Selective activation of cognate SNAR-
Epins by Sec1/Munc18 (SM) proteins. Cell 128, 183–195.
12. Dulubova, I., Khvotchev, M., Liu, S., Huryeva, I.,
Sudhof, T. C., and Rizo, J. (2007) Munc18-1 binds directly
totheneuronalSNAREcomplex.Proc.Natl.Acad.Sci.U.S.
A. 104, 2697–2702.
13. Yoon, T.-Y., Okumus, B., Zhang, F., Shin, Y.-K., and
Ha, T. (2006) Multiple intermediates in SNARE-induced
membrane fusion. Proc. Natl. Acad. Sci. U.S.A. 103, 19731–
19736.
14. Weninger, K., Bowen, M. E., Chu, S., and Brunger, A.
T. (2003) Single-molecule studies of SNARE complex as-
sembly reveal parallel and antiparallel configurations. Proc.
Natl. Acad. Sci. U.S.A. 100, 14800–14805.
15. Margittai,M.;etal. (2003)Single-moleculefluorescence
resonance energy transfer reveals a dynamic equilibrium
between closed and open conformations of syntaxin 1. Proc.
Natl. Acad. Sci. U.S.A. 100, 15516–15521.
16. Fix, M.; et al. (2004) Imaging single membrane fusion
events mediated by SNARE proteins. Proc. Natl. Acad. Sci.
U.S.A. 101, 7311–7316.
17. Liu, T., Tucker, W. C., Bhalla, A., Chapman, E. R., and
Weisshaar, J. C. (2005) SNARE-driven, 25-ms vesicle fusion
in vitro. Biophys. J. 89, 2458–2472.
18. Yoon, T.-Y., Lu, X., Diao, J., Lee, S.-M., Ha, T., and
Shin,Y.-K.(2008)ComplexinandCa2þstimulateSNARE-
mediated membrane fusion. Nat. Struct. Mol. Biol. 15, 707–
713.
19. Roy, R., Hohng, S., and Ha, T. (2008) A practical guide
to single-molecule FRET. Nat. Methods 5, 507–516.
20. Ha, T.; et al. (2002) Initiation and re-initiation of DNA
unwinding by the Echerichia coli Rep helicase. Nature 419,
638–641.
21. Takamori, S.; et al. (2006) Molecular anatomy of a
trafficking organelle. Cell 127, 831–846.
22. Lu,X.,Zhang,Y.,andShin,Y.-K.(2008) Supramolecular
SNARE assembly precedes hemifusion in SNARE-mediated
membrane fusion. N a t .S t r u c t .M o l .B i o l .1 5 ,7 0 0 –706.
23. Burgoyne, R. D., Fisher, R. J., Graham, M. E., Haynes,
L. P., and Morgan, A. (2001) Control of membrane fusionr2010 American Chemical Society 174 DOI: 10.1021/cn900034p|ACS Chem. Neurosci. (2010), 1, 168–174
pubs.acs.org/acschemicalneuroscience Letter
dynamics during regulated exocytosis. Biochem. Soc. Trans.
29, 467–472.
24. Voets, T.; et al. (2001) Munc-18 promotes large dense-
core vesicle docking. Neuron 31, 581–591.
25. Burgoyne, R. D., Barclay, J. W., Ciufo, L. F., Graham,
M.E.,Handley,M.T.,andMorgan,A.(2009)Thefunctions
of Munc18-1 in regulated exocytosis. Ann. N.Y. Acad. Sci.
1152,7 6 –86.
26. Burkhardt, P., Hattendorf, D. A., Weis, W. I., and
Fasshauer, D. (2008) Munc18a controls SNARE assembly
through its interaction with the syntaxin N-peptide. EMBO
J. 27, 923–933.
27. Gulyas-Kovacs, A.; et al. (2007) Munc18-1: Sequential
interactions with the fusion machinery stimulate vesicle
docking and priming. J. Neurosci. 27, 8676–8686.